The relationships between contractile function, myocardial oxygen consumption, and tissue high energy phosphate and lactate content were investigated during partial coronary flow disruption. The experimental preparation was an isolated, isovolumic retrograde blood-perfused rabbit heart. Both developed pressure (r = 0.94) and dp/dt (r = 0.95) exhibited strong linear correlations with myocardial oxygen consumption that were stable for up to 45 min after blood flow reduction. In contrast, tissue high energy phosphate content exhibited nonlinear relationships with both developed pressure and oxygen consumption such that systolic mechanical function and oxidative metabolism declined to 20 and 30% of control values, respectively, before significant abnormalities in myocardial high energy phosphate stores were observed. Similarly, developed pressure and oxygen consumption decreased to 36 and 48% of control, respectively, before abnormal tissue lactate content was detected. The results of this study indicate that: (a) mechanical function is closely related to the rate of oxidative energy production during partial coronary flow disruption, and (b) despite the development of significant contractile dysfunction, tissue high energy phosphate content remains at normal levels except under the most severely flow-deprived conditions. The preservation of tissue energy stores can be explained by the apparent coupling of contractile performance to oxidative energy production, which could function to maintain myocardial energy balance during partial coronary flow restriction.
Introduction
Previous studies have demonstrated that the severity of myocardial contractile dysfunction correlates with the degree of blood flow impairment during myocardial ischemia produced by partial coronary artery obstruction (1) (2) (3) (4) . Based on the known effects of impaired oxygen delivery, it has been postulated that the close correlation between function and perfusion reflects corresponding abnormalities in tissue ATP content and/or oxidative ATP production (1, 5, 6) . However, the relationship between contractile performance and tissue energy metabolism has been evaluated only during oxygen deprivation produced by complete coronary artery occlusion or hypoxic/anoxic myocardial perfusion (7) (8) (9) (10) (11) (12) (13) . Because of potential differences in the rate of oxygen delivery, residual oxidative energy production, and cellular washout, extrapolation of these results to incomplete coronary flow restriction seems unwarranted. In addition, prior investigations have not correlated oxygen-limited contractile performance with directly measured myocardial oxygen consumption (OC).' Therefore, the potential correlation between contractile dysfunction, tissue high energy phosphate content, and oxidative energy production during partial coronary flow disruption has yet to be evaluated.
The purpose of the present study was to determine the relationships between contractile dysfunction, myocardial oxidative ATP production as assessed by oxygen consumption, and tissue high energy phosphate and lactate content during partial coronary flow restriction. To accomplish this goal, graded, steady state reductions in myocardial perfusion were produced in isolated, isovolumic, retrograde blood-perfused rabbit hearts. In this experimental preparation, coronary flow reductions are global and independent of ventricular loading conditions. Isovolumic developed pressure (DP) and its first derivative, myocardial OC and tissue ATP, creatine phosphate (CrP), ADP, AMP, and lactate content were measured in hearts with flow rates ranging from a control value of (±SE) 2.15±0.16 ml/g wet wt min-' to 0.17±0.01 ml/g wet wt min-'. The results of this study indicate that flow-limited contractile performance and myocardial OC are linearly related while contractile performance and OC must decline to 20 and 30% ofcontrol values, respectively, before significant abnormalities in myocardial high energy phosphate content are detected. These observations suggest that the apparent coupling of mechanical performance and oxidative energy production might function to preserve myocardial energy balance during partial coronary flow restriction.
Methods
Experimental preparation. Preparation of isovolumically beating, retrograde blood-perfused rabbit hearts was similar to that previously reported (14) (15) (16) . Briefly, after administration of 10 mg of sodium heparin and 200 mg of sodium pentobarbital via an ear vein, hearts from nonfasted male New Zealand white rabbits (2.0-2.5 kg) were excised through a median sternotomy and arrested in ice-cold saline. The aorta was rapidly cannulated to allow retrograde perfusion with red blood cell-containing perfusate. Flow was held constant at 2.0 ml/g wet wt min-' using a Minipuls 2 peristaltic pump (Gilson Co., Inc., Worthington, OH). The red blood cell containing perfusate was not recirculated.
An apical drain was inserted through the left atrium into the left ventricle to allow drainage of fluid from the Thebesian circulation. After the atrioventricular node was crushed to allow controlled stimulation, a fluid-filled latex balloon connected to a Gould-Statham P231D pressure transducer (Gould Inc., Oxnard, CA) was inserted into the left ventricle via the left atrium and mitral valve. A coronary venous sampling catheter and needle thermistor (Bailey Instrument Co., Inc., Saddlebrook, NJ) were inserted into the right ventricle via the right atrium. The venae cavae and pulmonary artery were then ligated so that all coronary venous drainage flowed out the sampling catheter without exposure to the atmosphere.
Hearts Bovine erythrocytes were collected from a local slaughter house with sufficient heparin for anticoagulation, transported on ice, and immediately centrifuged (2,600 g) at 4VC for 20 min. After aspirating plasma and buffy coat, the cells were washed three times and stored in calcium-free buffer. Red cells were oxygenated by washing five times in ice-cold perfusate which had been equilibrated with 100% oxygen. Final perfusate pH was adjusted to between 7.30 and 7.40 by equilibrating the buffer in which red cells were suspended for myocardial perfusion with 98%/2% 02/CO2. The red cell, albumin-containing perfusate was placed on ice and a mixture of 100% 02 and 98%/2% 02/CO2 was blown over the surface of the red cells in sufficient quantity to maintain oxygen content and pH constant. An in-line Swank transfusion filter (13 3sm exclusion; model IL 200; Pioneer Viggo, Inc., Beaverton, OR) was used to filter red cell aggregates.
Data collection and analytical procedures. Diastolic pressure, isovolumic DP, and the first derivative of DP were recorded continuously from the fluid-filled ventricular balloon on an HP7404A recorder (Hewlett Packard Co., Palo Alto, CA). The dynamic response characteristics of this pressure measurement system were characterized by suddenly releasing pressure from a hand-held syringe. The damped natural frequency and damping coefficient were 43 Hz Experimental protocol. After the preparation was complete, the left ventricular balloon was inflated until end-diastolic pressure was 8 mmHg. Stimulating electrodes from a Grass SD44 stimulator were placed against the left and right ventricles and 4-V, 4-ms stimuli were delivered at a rate of 180/min. Both the balloon volume and stimulus rate were subsequently maintained constant so that ventricular loading conditions and heart rate were invariant throughout each experiment.
Similarly, temperature was maintained between 370 and 380C using a water-jacketed perfusate heating coil and heart chamber. An equilibration period of 15 min preceded any experimental intervention. At end equilibration, myocardial blood flow and ventricular performance were assessed to allow evaluation of the comparability of hearts in the different experimental subgroups. The results of this analysis revealed that there were no statistically significant preintervention differences in the rate of myocardial perfusion (2.25±0.11 ml/g wet wt min-'), DP (102.7±1.4 mmHg), or end-diastolic pressure (7.9±0.10 mmHg) between any of the experimental subgroups (P > 0.05 for all comparisons).
After equilibration, myocardial perfusion was reduced and subsequently held constant so that each heart was studied at only one myocardial perfusion rate. The particular flow rate evaluated in individual experiments was predetermined from an alternating schedule of stepwise reductions/increases in perfusion between control-flow and the lowest flow rate evaluated. Perfusion pressure averaged 57.1±2.5 mmHg under control conditions and declined in parallel with the severity of flow restriction, with the lowest pressure (19±0.5 mmHg) recorded at the lowest flow rate. Balloon volume and stimulus rate were held constant in all hearts so that changes in the rate X pressure product and mechanical energy consumption would be accurately reflected by detected alterations in isovolumic developed pressure.
To assess the effect of time on the relationships between flow-restricted mechanical performance, OC, and tissue high energy phosphate and lactate content, two groups of hearts were evaluated. In the first group (group I, 30 hearts), varying severities of flow restriction were produced and held constant for 15 min before smash-freezing. In the second group (group 11, 29 hearts), flow was reduced in an identical fashion as for group I and maintained constant for 45 min before smash-freezing. In both groups, the presence of steady state mechanical performance and oxygen utilization was evaluated by measuring OC, end-diastolic pressure, and DP and its first derivative at 5, 10, and 15 min after initial flow restriction. In group II hearts, an additional set of measurements was taken at 45 min.
Data are expressed as mean±SEM. Statistical analysis of data acquired sequentially in individual hearts was performed using an analysis of variance with repeated measures while comparisons between experimental groups was performed with a two-way analysis of variance. The relationships between DP, its first derivative, OC, and myocardial high energy phosphate and lactate content were evaluated by obtaining best-fit curves using least-squares analysis of linear, polynomial, and exponential expressions. Significant differences between best-fit curves were determined by regression analysis. A P value < 0.05 was considered significant.
Results
Fig. 1 illustrates the relationship between flow, OC, and oxygen extraction during progressive flow restriction. The data have been organized into six subgroups according to the measured rates of flow-limited oxygen consumption as outlined in Table II . Under control conditions, flow, OC, and oxygen extraction fraction averaged 2.15±0.16 ml/g wet wt min-', 4 .25±0.21 gmol/g wet wt min', and 0.59±0.05, respectively.
As flow was reduced to a minimum value of 0.17±0.01 ml/g wet wt min-1, oxygen extraction fraction increased to a maximum of 0.96±0.02, while OC declined to 0.54±0.03 ,mol/g wet wt min-'. The flow restriction was due to decreased oxygen delivery and not to a decline in the percent nutritional blood flow. Fig. 2 illustrates the effect of time on the values for myocardial OC (A), DP (B), dp/dt (C), and diastolic pressure (D) observed after graded reductions in myocardial perfusion. The data have been organized into six subgroups similar to the previous illustration. By 5 min after flow reduction, OC, DP, and dp/dt had all declined in proportion to the severity of flow restriction while diastolic pressure was unaffected at this early time period. OC remained stable between 5 and 45 min as indicated by the fact that mean OC values in each individual subgroup were within 8% of each other at all times evaluated (P > 0.05). Similarly, DP and dp/dt were also stable for up to 15 min of reduced perfusion since mean values in individual subgroups did not change by > 10% over this time period. However, DP and its first derivative increased by 29-42% from 15 to 45 min in hearts with the lowest rates ofoxidative metabolism (P < 0.05). The maximum change occurred at the lowest flow rate with developed pressure and dp/dt increasing from 6.2± 1.0 mmHg and 120±20 mmHg s-' at 15 min to 8.8± 1.1 mmHg and 155±26 mmHg s-' at 45 min, respectively. These data indicate that the response of myocardial OC and systolic ventricular performance to partial, sustained reductions in myocardial perfusion is to establish a new, reduced, steady state rate of oxidative metabolism and contractile function that is stable for up to 45 min except for a slight, late increase in systolic function under the most severely flow-restricted conditions. Although reducing myocardial perfusion had little effect on diastolic pressure at 5 min, end-diastolic pressure increased by as much as 251% between 5 and 45 min in hearts studied during marked reductions in oxidative metabolism (P < 0.05). The maximum increase occurred at the lowest flow rate, with diastolic pressure increasing from 8.4±0.60 mmHg at 5 min to 13.4±2.1 and 29.5±4.1 mmHg at 15 and 45 min, respectively. Since ventricular loading conditions were kept constant in these experiments, the marked change in diastolic pressure during reduced myocardial perfusion reflects a primary decrease in myocardial compliance that was not accompanied by detectable evidence of deteriorating systolic function. Fig. 3 illustrates the relationship between isovolumic DP and myocardial OC (A and C) and dp/dt and OC (B and D) at 15 and 45 min after flow reduction. Each data point represents an individual heart and the solid or dashed straight lines are the least-squares determined best-fit relationships between the systolic functional parameters and myocardial OC. At 15 min, a strong linear correlation exists between both DP and OC (r = 0.94) and dp/dt and OC (r = 0.95). In addition, although both DP and its first derivative tended to increase slightly at low flows, no significant differences were observed in the linear functions relating DP (r = 0.90) and dp/dt (r = 0.91) to myocardial oxygen at 45 min compared with those obtained at 15 min (P > 0.05). Since the rate X pressure product and DP changed concordantly with the constant rate stimulation employed in this study, these data indicate that stable, linear relationships exist between isovolumic DP, its first derivative, and the rate X pressure product versus myocardial OC for up to 45 min after graded flow restrictions.
To evaluate the independent role of reduced myocardial perfusion (i.e., the "garden hose" effect [19] ) on the relationships observed between DP, dp/dt, and OC, five hearts were evaluated under constant flow conditions in which myocardial oxygen delivery was progressively reduced by decreasing perfusate hematocrit from 20 to 10%, 5%, and 0% (Fig. 4) . As hematocrit was reduced, perfusion rate accelerated slightly from 2.21±0.14 ml/g wet wt min' to 2.52±0.10 ml/g wet wt min', with no change in relative perfusion pressure (the acceleration ofblood flow with reduced hematocrit was presumably due to the diminished viscosity of red blood cell free perfusate, suggesting that altered perfusate viscosity has a minor effect on our pump flow-delivery). No significant differences in the linear relationships between DP and OC (r = 0.94) and dp/dt and OC (r = 0.91) were observed in this group of hearts compared with that previously observed during progressive flow restriction (P > 0.05 for both comparisons), despite the marked differences in coronary flow rate. These data indicate that the linear correlation between isovolumic systolic function and OC is independent ofthe absolute rate ofmyocardial perfusion Oxygen Consumption pFroes/on wet wt min-' Figure 3 . Relationships between DP and peak dp and that the garden hose effect does not appear to contribute significantly to this relationship.
To evaluate the potential role of anaerobic metabolism in overall myocardial energy production during progressive flow restriction, myocardial lactate production and oxygen consumption were simultaneously evaluated in 15 hearts during graded, steady state reductions in myocardial perfusion (Table   I) . As flow and oxidative metabolism were reduced, lactate production and the percent ATP derived from anaerobic metabolism increased. At the lowest rate of oxidative metabolism (0.72±0.04 .umol/g wet wt min'), anaerobic metabolism contributed a maximum of 10.4% to the total myocardial ATP production. Since anaerobic energy production could account for only 10% of overall ATP production even at low rates of OC, these data indicate that oxidative energy production remained the predominant energy source during progressive Relationships between DP (A) and peak dp/dt (B) Fig. 3 ). No significant differences were observed in the linear relationships between DP, dp/dt, and OC, whether oxygen delivery was restricted by reducing flow or perfusate hematocrit (P > 0.05 for both comparisons). RF, Re- (Table III) . In agreement with previous reports (7-1 1), myocardial ATP, ADP, and TAN were progressively depleted while AMP increased over this time period, indicating the comparability ofthe current experimental preparation to those previously employed. Fig. 7 demonstrates the relationships between isovolumic DP and tissue ATP (A), CrP (B), TAN (C), and lactate (D) content derived from the combined 15-and 45-min data. Although not shown, similar results were obtained when dp/dt was plotted against tissue high energy phosphate and lactate content. In all cases, the relationships between DP and tissue energy metabolites were best described by an exponential expression with substantial reductions in isovolumic pressure development occurring before detectable high energy phosphate depletion or lactate accumulation. Using an analysis similar to that employed for myocardial oxygen consumption vs. tissue energy stores (Table II) , DP declined by 80% from a control value of 90.7±7.1 to 19.2±1.4 mmHg before myocardial ATP, CrP, or TAN content became abnormal. Similarly, pressure development decreased by 64% to 32.7±2.0 mmHg before abnormal myocardial lactate content was observed.
These data indicate that tissue high energy phosphate stores and lactate content are maintained at or near normal levels in the presence of progressive contractile dysfunction after graded reductions in coronary blood flow.
Discussion
The results ofthis study reveal that progressive flow restriction produces parallel reductions of contractile performance and myocardial OC without significant high energy phosphate depletion, except under the most severely flow-limited conditions. These observations suggest that mechanical function is closely coupled to the rate of oxidative energy production during partial coronary flow disruption. Since mechanical energy consumption declined concordantly with DP with the constant rate stimulation imposed here, the preservation of tissue energy stores observed during moderate flow limitation might be a consequence of the apparent coupling of mechanical energy consumption and oxidative energy production, which could function to maintain myocardial energy balance.
During moderate flow restriction, the mechanism whereby mechanical function might be coupled to oxidative energy production does not appear to be depend on detectable abnormalities in myocardial cellular washout, calcium delivery, or whole tissue high energy phosphate content. Specifically, the linear relationship between mechanical performance and OC was observed whether oxygen delivery was restricted by reducing perfusion rate or by reducing perfusate hematocrit without altering blood flow. In addition, the relationship between tissue lactate content and contractile function was definitely nonlinear and qualitatively similar to that observed for high energy phosphates. These observations suggest that flow-related changes in calcium delivery and/or tissue wash-out of metabolic end-products (20, 21) do not account for the appar- (25) , and/or reduction of oxygen delivery below some critical level required to maintain mitochondrial function (26) . The ;JVj myocardial energy balance during excessive inotropic stimulation at basal coronary flow rates (16) . In this latter investigation, inotropic stimulation at constant flow rates did not alter the rate X pressure or deplete tissue ATP or CrP content compared with control values. These observations were interpreted to indicate that the myocardium "down-regulates" contractile function in the presence of inadequate coronary flow reserve to preserve myocardial energy balance. In the current study, the apparent coupling of contractile function to oxidative energy production suggests that the previously observed downregulation of mechanical function during positive inotropic stimulation might have been due to the constant myocardial oxygen supply and limited ability to increase oxidative energy production. Taken together, these two studies suggest that the close association of contractile performance and OC might be observed under several different conditions of limited oxygen supply and/or altered oxygen demand and might indicate a limited role for excessive mechanical energy consumption in the depletion of myocardial high energy phosphate stores during incomplete coronary flow disruption.
Comparison of the current results to previous studies evaluating the relationship between ischemic contractile dysfunction and directly measured tissue high energy phosphate stores is limited by substantial differences in the experimental models employed. In many of these prior investigations, severe oxygen deprivation was produced by acutely occluding a coronary artery or by perfusing isolated hearts with oxygen-free perfusate (7-1 1) . Under these conditions, myocardial OC becomes rapidly and severely depressed and technically unquantifiable, making it difficult to evaluate the role of a diminished rate of oxidative ATP synthesis in the production of hypoxic contractile failure. In addition, myocardial contraction rapidly ceases and tissue high energy phosphates are progressively depleted without the reestablishment of either a functional or metabolic steady state. In contrast, in the current model of partial coronary flow disruption, OC could be quantified and the maintenance of a reduced rate of oxidative energy production appeared to produce a reasonably stable preparation in which time-dependent changes in myocardial function and energy metabolism were minimal relative to the effects of flow impairment. The presence of continued oxidative metabolism presumably also contributed to the preservation of tissue high energy phosphate content not observed in previous reports evaluating more severe oxygen deprivation.
In a recently published study, the relationships between hypoxic contractile failure, tissue high energy phosphate content, and flux through the creatine kinase reaction were studied in in vivo rat hearts using [3"P]NMR techniques (12) . In contrast to other previous investigations, the degree of myocardial oxygen deprivation produced in this latter study would appear to be more comparable with that evaluated here. The results obtained during in vivo hypoxic myocardial perfusion revealed that contractile dysfunction was more closely related to flux through the creatine kinase reaction than to whole tissue ATP or CrP content. This observation is consistent with the current results, especially if the proposed coupling of the creatine kinase reaction to oxidative ATP production, mitrochondrial translocation, and mechanical consumption is equally applicable to hypoxic and normoxic conditions. However, unlike the preservation of tissue high energy phosphate content observed here, myocardial ATP and CrP content did not remain at normal levels during in vivo hypoxic myocardial perfusion. The high energy phosphate depletion observed in vivo might reflect the complexity of producing cardiac failure in intact animals due to the combined effect of several compensatory processes including excessive catecholamine stimulation and cardiac dilation in the presence of significant hypotension and altered cardiac perfusion.
The present observation of a linear relationship between contractile performance and oxygen consumption is in qualitative agreement with previously published studies demonstrating a close correlation between the degree of blood flow impairment and the severity of contractile dysfunction during partial coronary artery obstruction (1) (2) (3) (4) . However, the relative preservation of tissue high energy phosphate stores and limited lactate accumulation does not agree with the results of several previous studies demonstrating a strong correlation between the rate of coronary venous lactate and inosine production and the degree of flow and contractile impairment (1, 5) . Potential explanations for this apparent discrepancy are that: (a) These previous studies were performed during regional flow reductions in which the relationship between venous metabolite concentration and severity of blood flow reduction is difficult to determine; (b) An increase in the rate of venous lactate and inosine production could reflect regionally improved tissue washout and/or accelerated synthesis and membrane transport with minimal alterations in tissue content; and (c) The amount of inosine detected in venous effluent accounted for a very small portion of myocardial ATP content (5) and increased inosine production could reflect turnover of a small pool of ATP undetectable by whole tissue assays. Therefore, these apparently disparate results could reflect the different methodologies involved to assess myocardial energy metabolism.
Diastolic pressure was observed to increase between 15 and 45 min after flow reduction, with the more marked changes occurring under more severely flow deprived conditions. These increases in diastolic pressure reflect a primary reduction in myocardial compliance under the constant loading conditions imposed in this study. Since corresponding reductions in oxidative ATP production, tissue high energy phosphate content, or systolic function were not observed over this same time period, the reduction in myocardial compliance presumably reflects cellular calcium accumulation due to abnormal calcium homeostasis.
The relative preservation of tissue high energy phosphate content suggests that moderate ventricular hypofunction occurring in vivo after acute, partial coronary artery obstruction might not be associated with ischemic ATP and CrP depletion or lactate accumulation. In addition, altered ventricular function related to acute interventions designed to improve blood flow or reduce myocardial energy requirements might not reflect quantitatively similar changes in tissue high energy phosphate or lactate content. Therefore, the current results suggest that caution should be exercised in interpreting changes in ventricular function during partial coronary artery obstruction as indicative of corresponding alterations in cellular energy metabolism.
